Construction of sandwich materials involves a composite material structure of light weight, high strength and good dynamic properties. In recent days, demands for materials with high strength and light weight are ever increasing. In line with these trends, research about sandwich materials has been actively conducted in diverse industrial sectors. In this study, a sandwich structure named as "shaped-sheet pyramidal truss core" is proposed to improve the mechanical strength, at the same time resulting in manufacturing process suitable for massive production by changing the cross-sectional shape at the central portion of the core. The out-of-plane compressive and shear responses of the shaped-sheet pyramidal truss core were measured for two relative densities ( 0.02 0.05 ) and were compared with the finite element (FE) predictions. In the FE results both compression and shear test, it shows that the core with low relative density has superior behaviours before first buckling. The compressive experiments over-estimate the strength due to work hardening of the material and bonding effects. The experimental results at large deformation, however, decrease due to debonding or slip between bonding areas. Additionally, the influence of the debonding effect is larger under shear test.
Introduction
Nomenclature w width of strip a edge length of unit core h height of inner core inclined angle of inner core t thickness of strip relative density of inner core s length of flat region A sandwich structure is a material with high stiffness and low overall density. Typically a sandwich composite consists of three main parts: two thin, stiff and strong layers of face sheets separated by a thick, light and weaker inner core. The face sheets are bonded to the core to obtain a load transfer between the components. The properties of each separate component are then utilized to the structural advantage of the whole assembly, leading to a very high stiffness-to-weight ratio and high bending strength-to-weight ratio. As a result, sandwich components achieve the same structural performance as conventional materials with less weight. As environmental problems and resource depletion issues become important, sandwich panels as lightweight materials have come to attract industrial attention. Accordingly, the need for large structures and lightweight materials with higher specific strength and stiffness is increasing. This has led to numerous studies on the improvement of existing materials as well as the development of new skins, adhesives and core materials of the structure.
To satisfy such needs, Gibson and Ashby (1999) arranged a structure into various topological categories such as a pyramidal truss core, corrugated-core, honeycomb, etc. A lattice structure with open cells is quite flexible, facilitating the fabrication of curved shapes that can then be brazed or laser welded to solid face sheets to form sandwich structures. Examples of several lattice topologies configured as the cores of sandwich structures are pyramidal ( Fig. 1(a) ) and tetrahedral cores. The lattice topology, core relative density, and mechanical properties of the basic material are combined to determine the mechanism of truss deformation and therefore the loading mode and direction-dependent mechanical properties of these structures. It has been recently reported that certain sandwich structures can have hollow trusses. The hollow type core is popular due to its high resistance to buckling failure compared with that of a solid model with the same area. With this fact, manufactured cellular metal lattices by using hollow tubes. These tubes led to high strength and lightweight structures. In addition, many studies using hollow type cores have been performed. For example, Xiong, et al. (2011) designed and manufactured a light weight sandwich plate with hollow Al-Si alloy tubes. Ray (1996 Ray ( , 1997 proposed a structure arranged in a bi-directional core and flat-sheet pyramidal truss core. The pyramidal truss sandwich plate with flat-sheet pyramidal truss core is fabricated with a strip that is aligned along the x and y axes and is joined by conventional methods such as brazing or adhesive bonding. This method has various advantages such as allowing mass product, reducing material loss, increasing bonding area, etc. The flat-sheet pyramidal truss core is shown in Fig. 1(c) . Additionally, it was determined by Ray (1993) that the flat-sheet pyramidal truss core was more efficient in transverse shear stiffness than the conventional corrugated core. This may be because of the presence of a series of corrugated strip plates in both the x and y directions. However, by reason of the high aspect ratio of the strip cross-section, the minimum moment of inertia of the strip is smaller than a square cross section with the same area. As a result, the structure is weak in the failure mode with buckling near the centre of the truss under compression. Lee, Seong and Yang (2011) suggested that the new lightweight truss core used a steel strip and was a structure with an arc cross section at the centre of the strut in order to yield a high resistance to buckling failure; the rest of the truss core remains as a flat plane. This plane uses the alignment with the other truss cores and bonding. A shaped-sheet pyramidal truss core shows in the Fig. 1(d) . The stiffened core shows superior strength under compression compared to common truss cores with the same relative density. In this work, a shaped-sheet pyramidal truss with locally stiffened core which is formed as an arc-shaped cross-section is introduced and its mechanical behaviours, such as out-of-plane compression and shear, is presented. The construction of the sandwich panels consists of shaped-sheet pyramidal truss cores, which have been manufactured from forming SUS 304 strips (thickness=0.3 mm). First, the strip is formed by a sectional forming process. The unit structure trusses were inclined at an angle ( =45°). To create a layer of semi-circular crosssection trusses, the unit structures were arranged in a similar square arrangement. The process began by taking two he pyramidal pattern shown in Fig. 2(a) . The truss core was cured for 1 hour at 140~150 °C to bond. This was done by using an epoxy adhesive. Shear strength of the epoxy adhesive was 31 MPa, which value was determined as a result of a single lap-joint test (ASTM D1002). 
Core design and Manufacturing
The relative density of the shaped-sheet pyramidal truss core is 0.048 in case of h=5.6 mm and is 0.017 in case of h=10.6mm from Eq. (1)
FE simulation
In this section, it is described that simulates the shaped-sheet pyramidal truss core under compression and outof-plane shear. We carried out FE simulation to analysis the mechanical behaviour of a sandwich plate subjected to the compression test and shear test. The calculation used an ABAQUS 6.12 software, which is a type of commercial software. In the FE model, the face sheets were modeled as rigid bodies. The core consisted of threedimensional parts and mesh used an 8-node quadrilateral in-plane continuum shell element (SC8R) subject to reduced integration with hourglass control. The number of integration points through thickness was 11. The contact between the face sheet and the core is done using tie conditions. Besides this, the boundary condition in the finite element analysis is the same as that of the experiments. Then the material properties for the shaped column are assumed to be the same as the properties of stainless steel (SUS304 0.3t), Young's modulus of E=175GPa, Poisson's ratio of v=0.3, and 0.2% offset yield strength YS =275MPa, respectively. The FEM results of the compression and shear test with different relative densities are shown in Fig. 3 . The mechanical strength with low relative density is initially stronger than that with high relative density both compression and shear test. However, the strength with low relative density decreases after the first buckling mode. Lee and Yang (2014) show the buckling behaviour depending on the aspect ratio (L/w), where L(=h/sin ) is a length of the strut. As the aspect ratio increases, the buckling mode presents the global buckling mode which results in reduction in the load-carrying capacity and the buckling load decreases. Under compression, the yielding of the strut is followed by the buckling, which results in a significant reduction in the load carrying capacity of the core. However, the members of inner core contact with skin sheet at large deformation. This contact leads to continuous elevation in the load carrying capacity of the inner core. Accordingly, the compression stress increases after the contact as shown Fig. 3(a) (a) (b) Fig. 4 . Deformed configurations of the shaped-sheet pyramidal truss core under shear (a) 0.048 (h=5.6 mm), (b) 0.017 (h=10.6 mm). Fig. 4 shows the deformed configuration of the shaped-sheet pyramidal truss core at different overall shear strain. In case of low relative density, global buckling occurs as in the compression test.
Compressive behavior of cores
Compression tests of the sandwich truss were carried out to study the core behavior under out of plane compression. In this work, the compression tests stabilized by interfacial bonding were carried out. The stabilized compression test is intended to minimize the buckling effect and present primarily compression failure. We studied the response and failure of the sandwich plate under out-of-plane compression using a skew-driven UTM (universal testing machine, INSTRON 5583) . The compression test was carried out in a quasi-static regime with a nominal displacement rate of 0.5 mm/min (ASTM C365) at ambient temperature. Adhesive allows deformation and develops elastic deformation or hinges in the structures. As a result, the slope of the stress-strain curve in the elastic region decreases, unlike the results of FEM. As the compression test proceeds, the slip and de-bonding of the core from the face sheet are observed. Therefore, the compressive strength at large deformation decreased unlike FEM results. And, due to the manufacturing variations and formation of defects (e.g. cracks and voids in the bond), the numerical values of the peak stress are somewhat higher than the measured values. The peak strength of the shaped-sheet pyramidal truss core with 0.017 on experiment is, however, greater than that predicted by the results of the FEM. This analysis considered two factors. One factor was the adhesive. In the case of shaped-sheet pyramidal truss core, initial buckling mainly happens at the centre of the strut. During the bonding process, the adhesive is bonded at the centre of the strut. Then, there is an effect of reinforcing the edge of the strut. The other factor was the work-hardening effect. As the relative density decreases, the forming region increased in the strut. 
Shear Behavior of Cores
The shear test of the inner core was carried out using a skew-driven UTM (universal testing machine, INSTRON 5583). The shear test occurred in a quasi-static regime with a nominal displacement rate of 0.5 mm/min (ASTM C273). The finite element models (based upon perfect bonding) were over-estimated the measured strengths under the shear test due to the bonding defects and geometric imperfections during the manufacturing process. As the relative density decreases, the bonding area with the face sheet decreases. As a results, the shear stress with low relative density is smaller than that with high relative density. The debonding occurs easily in case of low relative density. Initially, debonding occurs between a face sheet and the inner core or between an inner core and the other inner core, which results in small reduction in the load-carrying capacity of the panel, as observed in the strain-stress curve shown in Fig. 7 . As the shear test proceeds, complete debonding of the inner core occurs abruptly, the inner core burst apart with a sharp sound and load-displacement curve drops suddenly. The inner core stays intact without apparent fracture or significant plastic deformation. 
Conclusion
Sandwich panel has been considered recently as high-performance material. In this work, the shaped-sheet pyramidal truss core has been proposed for production and reinforcement. The structural performance of the sandwich core under compression and shear loading is governed by the topology of the inner core. In order to evaluate the shaped-sheet pyramidal truss core, two relative densities ( 0.048 and 0.017 ) of the shapedsheet pyramidal truss core were tested in compression and out-of-plane shear. As the relative density decreases, the core had weak buckling mode under compression and shear, and hence have lower strength to weight. The behavior of the core was also governed by the bonding characteristics.
